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Abstract 

A  device  was  invented  that  permits  nuclear  magnetic  resonance  (NMR)  analysis  of  the  internal  elements  of  a  coin  cell  battery.  The 
Coin  Cell  Battery  Imager  was  used  to  record  wideline  7Li  NMR  spectra  of  the  lithium  ions  that  were  electrochemically  intercalated  into 
three  different  types  of  carbon-based  materials.  The  samples  included  graphite,  corannulene,  and  carbon  derived  from  sepiolite  clay.  All 
samples  were  excised  from  2032-size  coin  cells  that  were  cycled  multiple  times  and  left  in  a  discharged  state  (i.e.,  fully  lithiated).  A 
comparison  of  the  7  Li  NMR  spectra  recorded  for  the  three  carbons  revealed  that  the  curved  carbon  lattice  derived  from  sepiolite  affected 
the  lithium  resonances  in  a  manner  similar  to  that  observed  for  the  curved  molecule  corannulene,  while  both  differed  from  the  flat  lattice 
of  graphite.  In  addition,  it  was  possible  to  observe  lithium  dendrites  on  the  surface  of  a  hard  carbon  electrode  even  in  the  presence  of  a 
large  lithium  counter  electrode  using  NMR  imaging  techniques.  ©  2000  Elsevier  Science  S.A.  All  rights  reserved. 
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1.  Introduction 

Carbonaceous  materials  have  received  considerable  in¬ 
terest  for  use  as  anodes  ever  since  Sony  introduced  the 
lithium-ion  battery  [1,2].  Carbon  containing  systems  are 
noted  for  potential  safety  and  reliability  advantages  be¬ 
cause  the  carbon  anodes  are  less  prone  to  form  dendrites 
than  metallic  lithium  anodes.  Most  investigations  have 
utilized  carbon  materials  that  are  available  from  existing 
sources  such  as  natural  graphite,  cokes,  carbon  fibers, 
non-graphitizable  carbon,  and  pyrolitic  carbon  [3-7].  In 
these  studies,  high  lithium  capacities  have  been  found  to 
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be  associated  with  either  disorder  [8-10]  or  the  presence  of 
hydrogens  [11-13]. 

An  alternative  avenue  is  the  custom  synthesis  of  car¬ 
bons  specifically  tailored  for  use  as  anodes  in  lithium-ion 
batteries.  This  latter  approach  provides  predictable  control 
over  critical  properties  such  as  the  surface  area  or  the 
porosity.  Previously,  Sandi  et  al.  [14-16]  employed  pil¬ 
lared  clays  with  known  interplanar  spacing  as  templates 
for  the  synthesis  of  custom  carbon  anode  materials.  More 
recently,  they  have  focused  on  the  concept  that  carbons 
with  curved  lattices  can  exhibit  enhanced  lithium  capacity 
over  that  of  graphite.  This  idea  was  underscored  by  com¬ 
putational  studies  of  endohedral  lithium  complexes  of 
buckminster  fullerene,  C60  [17,18].  It  was  found  that  the 
interior  of  the  C60  molecule  was  large  enough  to  easily 
accommodate  two  or  three  lithiums.  Furthermore,  the 
curved  ring  structure  of  the  C60  molecule  facilitated  the 
close  approach,  2.96  A,  of  the  lithiums  even  in  the  trilithi- 
ated  species.  This  is  significantly  closer  than  the  inter¬ 
lithium  distance  in  the  stage-one  graphite  complex  LiC6 
and  suggests  that  lithium  anode  capacities  may  be  im¬ 
proved  over  graphitic  carbon  by  synthesizing  carbons  with 
curved  lattices  that  approximate  a  portion  of  a  buckey  ball 
[19], 
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This  concept  was  experimentally  tested  using  corannu- 
lene  (C2oH10)  as  a  model  electrode  material.  Corannulene 
is  a  discrete  molecular  species.  Its  X-ray  crystal  structure 
confirmed  the  anticipated  bowl-shaped  geometry  in  which 
none  of  the  five  six-member  carbon  rings  are  coplanar 
with  the  others  [20].  The  structure  of  corannulene  is  best 
described  as  the  top  section  of  a  buckey  ball.  Anodes  were 
fabricated  from  corannulene  and  tested  vs.  lithium  metal  in 
a  standard  coin  cell.  The  reversible  lithium  capacity,  602 
mA  h/g,  was  notably  higher  than  that  for  fully  lithiated 
graphite  LiC6,  372  mA  h/g  [21].  In  addition,  computa¬ 
tional  investigations  of  lithiated  corannulene  indicated  two 
remarkable  features.  First,  the  computations  predicted  or¬ 
bital  multiplicities  of  2  or  4.  This  was  in  agreement  with 
the  7  Li  nuclear  magnetic  resonance  (NMR)  spectra  of  the 
lithiated  corannulene  anode,  which  were  found  to  be  con¬ 
sistent  with  a  paramagnetic  complex  [21].  Second,  the 
charge  transfer  from  the  lithiums  to  the  corannulene  ring 
system  was  calculated  to  be  quite  small.  Consistently, 
workers  at  Sony  have  also  calculated  that  reversible  lithium 
intercalation  in  hard  carbon  is  associated  with  geometries 
that  induce  a  small  degree  of  electron  transfer  to  the 
carbon  layers  [22].  These  computational  results  suggest 
that  low  positive  charge  density  on  the  lithium  centers 
results  in  high  reversible  lithium  intercalation  capacities  by 
facilitating  lithium  cluster  formation. 

The  first  synthetic  carbon  to  be  designed  based  on  these 
concepts  was  produced  using  sepiolite  as  an  inorganic 
template  [23].  Sepiolite  is  a  fibrous  phyllosilicate  clay  with 
elongated  channels,  3.7  X  10.6  A,  that  run  parallel  to  the 
length  of  the  fibers.  These  channels  serve  as  a  template  for 
the  pyrolytic  formation  of  carbon.  Well-formed  carbon 
fibers  of  1-2  p.m  in  length  are  produced  after  the  inor¬ 
ganic  matrix  is  removed  by  acid  treatment.  These  carbon 
fibers  are  composed  of  a  microporous  network  structure 
with  a  mean  pore  radius  of  6.8  +  0.5  A,  which  was 
measured  by  small  angle  scattering  techniques  [23].  This 
curvature  is  of  the  same  molecular  dimension  as  the 
corannulene  molecule,  and  the  latter  is  used  as  a  model  for 
the  sepiolite-derived  synthetic  carbon.  Consistently,  the 
reversible  lithium  capacity  of  633  mA  h/g  for  the  carbon 
obtained  using  sepiolite  as  the  template  is  similar  to  that 
found  for  corannulene  itself.  Importantly,  both  values  are 
significantly  higher  than  graphite. 

In  this  study,  we  compare  the  7  Li  NMR  spectral  fea¬ 
tures  of  the  lithium  intercalation  product  from  the  carbon 
fibers  synthesized  using  a  sepiolite  template  with  the  corre¬ 
sponding  lithium  intercalates  of  corannulene  and  a  graphite 
standard.  We  also  introduce  a  new  electrochemical-NMR 
cell  with  the  dimensions  of  a  standard  2032-size  coin  cell. 
A  salient  feature  of  this  NMR  cell  is  that  the  electrode 
material  is  mounted  directly  on  the  central  conductor  of 
the  NMR  detector  circuit  for  optimum  signal  sensitivity. 
This  arrangement  allows  wideline  7  Li  NMR  spectra  to  be 
obtained  on  carbon  samples  as  small  as  10  mg.  In  addition, 
the  new  coin  cell  geometry  employs  an  outer  torodial 


cavity  of  the  type  that  we  have  used  for  in  situ  NMR 
imaging  of  battery  systems  [24-30]. 

2.  Experimental 

2.1.  Carbon  synthesis 

The  carbon  sample  was  prepared  using  sepiolite  as  a 
template  according  to  the  reported  procedure  [23].  The 
sepiolite  clay  was  obtained  from  Yunclillos  (Toledo, 
Spain),  provided  by  TOLSA:  Ethylene  and  propylene 
(AGA,  99.95%)  were  loaded  in  the  gas  phase  and  py- 
rolyzed  in  one  step.  A  three-zone  furnace  was  used.  Quartz 
boats  containing  sepiolite  were  placed  within  a  quartz  tube. 
The  tube  was  initially  flushed  with  nitrogen  for  about  3  h. 
The  gas  was  then  switched  to  propylene  or  ethylene  and 
the  gas  flow  was  maintained  at  about  5  cm3/min.  The 
temperature  of  the  oven  was  gradually  increased  from 
room  temperature  to  700°C  at  approximately  5°C/min. 
The  oven  was  then  held  at  that  target  temperature  for  4  h. 
The  clay  from  the  loaded/pyrolyzed  sepiolite  sample  was 
removed  using  HF,  previously  cooled  at  0°C  to  passivate 
the  exothermic  reaction.  The  resulting  slurry  was  stirred 
for  about  1  h.  It  was  then  rinsed  to  neutral  pH  and  refluxed 
with  concentrated  HC1  for  2  h.  The  sample  was  washed 
with  distilled  water  until  the  pH  was  >  5  to  ensure  that 
there  was  no  acid  left.  The  resultant  carbon  was  oven  dried 
overnight  at  120°C. 

2.2.  Electrode  fabrication 

The  electrodes  were  produced  by  standard  methods 
[31].  The  carbon  electrodes  were  made  by  mixing  84%  by 
weight  of  the  sample  with  6%  carbon  black  and  10%  of  a 
polytetrafluoroethylene  suspended  in  water  (60%  m/m 
solution,  PTFE  30,  DuPont).  The  resulting  mixture  was 
dried  at  120°C  overnight,  pressed  against  copper  mesh 
(9/16"  diameter),  dried  in  vacuo  at  85°C,  and  weighed. 
Two  carbon  electrodes  were  built  and  cycled  in  a  conven¬ 
tional  2032-size  coin  cell.  The  2032-size  coin  cells  (Hoh- 
sen)  were  constructed  in  a  He-filled  glovebox  (Vacuum 
Atmospheres,  <2  ppm  Oz)  with  a  disk  of  Li  metal  foil 
(FMC)  as  the  negative  electrode,  and  the  sepiolite-derived 
carbon  sample  as  the  positive  electrode  in  this  configura¬ 
tion.  The  electrolyte  was  1  M  LiPF6  in  ethylene 
carbonate:diethylcarbonate  (1:1,  Merck).  A  Celgard  2300 
microporous  membrane  was  used  as  the  separator.  Electro¬ 
chemical  galvanostatic  cycling  tests  were  conducted  using 
a  Maccor  Series  4000  Battery  Tester.  The  cells  were 
cycled  5  times  at  a  current  density  of  0.125  mA/cm2 
between  1.5  and  0  V  vs.  the  Li  metal  foil  electrode.  After 
cycling,  each  coin  cell  was  left  in  a  different  state-of-charge 
condition  to  reflect  either  a  Li-intercalated  condition  or  its 
opposite.  The  electrodes  were  labeled  as  electrode  1  and 
electrode  2.  Electrode  1  is  the  lithiated  type  (OCV  = 
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0.083  V  vs.  Li)  and  had  a  final  active  weight  of  12.5 
mg.  Electrode  2  (delithiated  type)  had  an  OCV  =  1.211  V 
vs.  Li  and  a  final  weight  of  13.5  mg. 

The  carbon  disks  were  removed  from  the  cell  that  were 
used  for  recording  the  cycling  data  and  placed  intact  into 
the  NMR  cell.  The  NMR  coin  cell  compartment  has  the 
dimensions  of  a  standard  2032-size  coin  cell  to  facilitate 
sample  transfer  of  this  type.  For  these  ex  situ  experiments, 
the  lithium  counter  electrode  and  the  Celgard  separator 
were  not  transferred  to  the  NMR  coin  cell.  The  signal  from 
the  Li+  ions  in  the  residual  electrolyte  appears  as  a  shaip 
resonance  at  0  ppm.  This  resonance  was  used  as  an 
internal  reference  for  the  7  Li  chemical  shift.  In  the  future, 
it  should  be  possible  to  spatially  resolve  the  intercalated 
lithium  in  the  electrode  from  the  lithium  in  the  electrolyte 
on  the  basis  of  distance  resolution  using  rotating  frame 
NMR  imaging  techniques.  This  will  require  calibration  of 
the  B  j  field  dependence  of  the  new  flat  coin  cell  geometry. 

2.3.  Electrochemical-NMR  cell 

The  electrochemical  cell  was  designed  to  provide  in  situ 
NMR  observations  of  an  active  electrochemical  cell  to 
facilitate  studies  such  as  electrode  staging  effects.  The 
dimensions  of  the  cell  were  chosen  to  mimic  the  configura¬ 
tion  of  a  standard  2032-size  coin  cell.  The  active  cell 
components  are  contained  within  a  Teflon ®  housing.  These 
components  are  depicted  in  Fig.  1,  and  will  be  described 
beginning  at  the  back  of  the  cell.  The  most  important 
element  is  the  solid  copper  disk  that  serves  as  the  current 
collector  for  the  electrode  material,  which  in  this  case 
would  consist  of  a  carbon  disk  prepared  as  described 
above.  Notably,  this  solid  copper  disk  also  serves  as  the 
central  conductor  in  the  NMR  detector  circuit.  Copper 
leads  are  threaded  into  the  top  and  bottom  edges  of  the 
copper  disk  to  provide  electrical  contact.  Importantly,  the 
close  proximity  of  the  carbon  sample  to  the  NMR  detector 
results  in  optimum  NMR  signal  sensitivity.  Next,  the  NMR 
coin  cell  accommodates  a  membrane  separator  and  a 
counter  electrode.  The  counter  electrode  in  these  experi¬ 
ments  consists  of  a  lithium  disk  that  is  punched  from  a 
sheet  of  lithium  foil.  Finally,  at  the  other  end  of  the 
stacked  internal  components,  there  is  a  copper  mesh  cur¬ 
rent  collector  that  directly  contacts  the  counter  electrode. 
External  electrical  contact  to  the  mesh  current  collector  is 
provided  by  a  wire  that  protrudes  through  the  front  of  the 
Teflon®  end  cap.  This  end  cap  is  held  in  place  by  six 
nylon  machine  screws.  All  of  the  cell  components  were 
constructed  of  non-magnetic  materials  to  minimize  any 
distortions  in  the  B0  field  homogeneity  for  the  NMR 
experiments.  Standard  graphite  electrodes  have  been  cy¬ 
cled  using  the  Teflon®  coin  cell  outside  the  magnet  in 
control  experiments  with  acceptable  performance  and  re¬ 
versibility  through  more  than  10  cycles.  As  noted  above, 
the  membrane  separator  and  the  lithium  counter  electrode 
that  are  depicted  in  Fig.  1  were  not  actually  employed  in 
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Fig.  1 .  Photograph  of  the  coin  cell  battery  imager. 


the  NMR  spectroscopic  measurements  to  minimize  the 
signal  due  to  Li+  ions  in  the  electrolyte.  In  this  case,  the 
extra  void  space  due  to  the  absence  of  the  membrane  and 
the  counter  electrode  was  filled  with  polyethylene  spacers. 

The  Teflon®  encased  NMR  coin  cell  is  mounted  within 
an  outer  toroid  cavity  as  shown  schematically  in  Fig.  2. 
This  cavity  provides  the  return  path  for  the  current  that 
flows  in  the  NMR  detector  circuit.  In  addition,  the  outer 
toroid  cavity  isolates  the  internal  contents  from  the  atmo¬ 
sphere.  Standard  gas  connections  allow  for  experiments  at 
elevated  pressures.  Indeed,  related  toroid  cavities  are  rou¬ 
tinely  employed  in  our  group  for  in  situ  NMR  investiga¬ 
tion  of  catalytic  reaction  mechanisms  at  temperatures  rang¬ 
ing  to  250°C  and  pressures  up  to  300  atm  [26].  Also  shown 
in  Fig.  2  is  an  alternative  electrochemical-NMR  cell  design 
with  cylindrical  symmetry.  The  cylindrical  geometry  pro¬ 
vides  a  well-defined  radio  frequency  B{  field  gradient, 
which  can  be  exploited  for  NMR  imaging  methods.  We 
have  used  cylindrically  symmetric  cells  of  this  type  for  the 
in  situ  NMR  imaging  of  the  electrolyte  depletion  layers 
that  form  in  polymer  electrolytes  adjacent  to  the  working 
electrode  [26,28].  A  cylindrically  symmetric  cell  of  the 
type  depicted  in  Fig.  2  was  used  in  this  study  to  image 
lithium  dendrite  formation  on  the  surface  of  a  hard  carbon 
electrode.  The  toroid  cavity  fits  within  a  specially  fabri¬ 
cated  oven.  The  construction  of  the  oven  minimizes  the 
stray  magnetic  field  that  is  generated  by  the  oven  current. 
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Toroid  Cavity  Cylindrical  Insert  Coin  Cell  Insert 

Imager 

Fig.  2.  Schematic  layout  of  the  toroid  cavity  apparatus  for  the  in  situ  NMR  imaging  of  electrochemical  cells. 


The  entire  assembly  fits  within  a  wide-bore  89  mm  super¬ 
conducting  magnet. 

2.4.  NMR  parameters 

7  Li  NMR  spectra  were  recorded  at  room  temperature  by 
using  a  unityINOVA-300  WB  spectrometer  at  the  follow¬ 
ing  settings:  spectrometer  frequency,  116.581280  MHz; 
spectral  width,  500  kHz;  radio  frequency  pulse  duration, 
12  p,s;  4096  data  points  recorded  in  quadrature,  zero-filled 
to  16,384  data  points  prior  to  Fourier  transformation; 
recycle  delay,  10.0  s;  1024  (graphite),  4096  (sepiolite) 
transients  per  spectrum.  One-dimensional  NMR  spectra 
were  processed  with  100  Hz  line  broadening.  No  first-order 
phase  correction  was  applied.  The  spin-lattice  relaxation 
time  constant  for  7  Li  nuclei  in  the  sepiolite  sample  was  not 
determined,  however,  a  series  of  experiments  with  differ- 


Fig.  3.  Voltage  profile  of  an  electrode  made  from  carbon  fibers  that  were 
synthesized  in  the  channels  of  a  sepiolite  clay.  Voltage  range  is  from  0  to 
1.5  V  vs.  Li°  for  cycles  2-5. 


ent  recycle  delays  showed  that  signal  saturation  was  not 
prevalent  for  recycle  delays  as  short  as  0.250  s. 

3.  Results  and  discussion 

3.1.  Cycling  data 

The  voltage  profiles  of  electrode  2  are  provided  in  Fig. 
3.  The  capacity  data  are  summarized  in  Table  1.  It  is  clear 
that  there  is  a  high  irreversible  capacity  obtained  in  the 
first  cycle.  This  irreversibility  can  be  associated  with  the 
formation  of  a  passive  layer  on  the  surface  of  the  carbon, 
which  is  expected  to  be  enhanced  by  the  presence  of 
several  organic  active  groups.  The  nature  of  these  groups 
is  under  investigation.  After  the  second  cycle,  the  effi¬ 
ciency  of  the  cell  increased  to  more  than  90%,  and  reached 
almost  97%  at  the  end  of  the  fifth  cycle.  This  is  a  much 
higher  value  than  that  reported  for  graphite  based  anodes, 
where  a  utilization  of  70-80%  was  found  [21,32].  A  higher 
reversible  lithium  capacity,  633  mA  h /g,  was  obtained  for 
the  sepiolite-derived  carbon  at  a  slower  charging  rate, 
C/20,  and  an  expanded  voltage  range,  2.5  to  0  V  [23]. 

Table  1 


Specific  capacity  for  the  carbon  electrode  with  a  voltage  profile  shown  in 
Fig.  3 


Cycle  number 

Charge  capacity 
(mA  h/g) 

Discharge  capacity 
(mA  h/g) 

i 

553 

1759 

2 

524 

594 

3 

496 

536 

4 

483 

507 

5 

460 

466 
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3.2.  7 Li  NMR  spectroscopy 

The  X-ray  diffraction  pattern  previously  reported  for  the 
sepiolite-derived  carbon  is  indicative  of  a  highly  disor¬ 
dered  carbon.  In  addition,  the  transmission  electron  micro¬ 
graphs  (TEM)  clearly  revealed  well-defined  carbon  tubes 
with  little  or  no  graphitic  character  [23].  An  alternate 
characterization  of  the  latter  issue  is  afforded  by  7  Li  NMR 
spectroscopy  because  the  spectral  signature  for  stage-one 
graphite  intercalate  LiC6  is  established  [33-35],  and  it  is 
frequently  observed  in  studies  on  other  carbon  materials 
[36-38].  The  spectrum  for  lithiated  graphite  obtained  in 
our  NMR  coin  cell  is  shown  in  trace  A  of  Fig.  4.  The 
sharp  resonance  at  0  ppm,  which  has  been  marked  by  a 
dashed  line  is  due  to  Li+  ions  from  the  residual  elec¬ 
trolyte.  More  importantly,  the  spectrum  in  trace  A  exhibits 
a  central  transition  with  a  Knight  shift  of  46.7  ppm  and  an 
associated  pair  of  satellites  with  a  quadrupole  coupling 
constant  of  47.3  kHz.  These  values  compare  quite  favor¬ 
ably  with  literature  values  for  intercalated  graphite  [33-35]. 
Significantly,  this  47  ppm  signature  is  noticeably  absent 
from  the  spectrum  for  the  lithiated  carbon  tubes  obtained 
from  sepiolite  in  trace  B  of  Fig.  4.  The  7Li  NMR  results 
are  in  agreement  with  the  TEM  data  in  that  there  is  no 
detectable  graphitic  character  to  the  sepiolite-derived  car¬ 
bon. 

Two  additional  spectral  signatures  are  prevalent  in  the 
7  Li  NMR  literature  for  lithiated  carbons.  First,  for  some 
hard  carbons  that  were  heat  treated  at  temperatures  near 
1000°C,  it  was  reported  that  resonances  were  found  in  the 
80-110  ppm  range  [39-41].  These  relatively  high  shift 
values  are  interesting  because  they  are  much  closer  to  the 
Knight  shift  of  metallic  lithium,  260  ppm,  than  the  reso¬ 
nance  value  for  lithiated  graphite,  47  ppm  [33].  This 
spectral  signature  is  not  present  in  the  lithiated  carbon 
tubes  that  were  derived  from  sepiolite.  Second,  a  very 
common  feature  that  was  observed  in  a  wide  range  of 
carbon  materials  is  a  7Li  resonance  that  falls  in  the  5-20 
ppm  range  [42-46].  The  exact  NMR  shift  seems  to  vary 
with  the  prior  heat  treatment  of  the  carbon  [45]  and  the 


Fig.  4.  Comparison  of  7  Li  NMR  spectra  recorded  at  room  temperature  for 
graphite  (lithiated,  A)  and  sepiolite-derived  carbon  tubes  (lithiated,  B; 
delithiated,  C).  One  molar  aqueous  fill  was  used  as  an  external  chemical 
shift  reference  for  0  ppm. 


staging  of  the  electrode  material  [46].  Quadrupole  satellites 
are  usually  not  resolvable  for  this  lithium  signature.  The 
carbon  tubes  that  were  synthesized  from  sepiolite  and 
subsequently  lithiated  do  have  a  resonance  in  this  chemical 
shift  range  at  13.5  ppm.  Again,  the  sharp  resonance  at 
0  ppm  is  due  to  Li+  ions  from  residual  electrolyte. 

A  fourth  spectral  signature  for  intercalated  lithium  was 
only  seen  once  before.  It  was  reported  for  corannulene, 
which  is  a  discrete  molecular  compound  with  a  curved  ring 
system.  Corannulene  is  not  accommodated  by  any  of  the 
above  spectral  signatures  because  the  47,  100,  and  20  ppm 
features  were  all  absent  from  the  lithiated  corannulene 
electrode  material  despite  the  fact  that  the  corannulene 
electrode  contained  a  high  intercalated  lithium  content  as 
metered  by  the  high  reversible  capacity  that  was  found  for 
the  corannulene  electrodes  [21].  Instead,  the  lithium-inter¬ 
calated  corannulene  exhibited  a  complex  spectrum  with 
several  broad  features  that  extended  over  a  2000  ppm 
range.  This  was  interpreted  as  due  to  a  contact  shift  that 
results  from  the  unpaired  electrons  that  are  predicted  by 
the  molecular  orbital  calculations  for  lithiated  corannulene. 
For  comparison,  resonance  shifts  that  are  similar  in  magni¬ 
tude  have  been  reported  for  6  Li  in  lithium  manganate 
cathode  materials  [47].  The  carbon  tubes  that  were  synthe¬ 
sized  from  sepiolite  also  exhibit  broad  spectral  features 
that  extend  over  a  2000  ppm  range  when  investigated  with 
a  large  spectral  window.  Notably,  the  baseline  of  the 
lithiated  graphitic  carbon  is  extremely  flat  using  identical 
spectrometer  settings  and  the  same  NMR  cell.  The  molecu¬ 
lar  orbital  calculations  predict  orbital  multiplicities  of  2  or 
4  for  carbons  with  curved  lattices.  The  measured  pore  size 
for  the  sepiolite-derived  carbon  is  6.8  +  0.5  A,  which  is 
consistent  with  a  curved  lattice  structure.  Hence,  to  date, 
there  are  two  such  carbon  materials  that  have  been  investi¬ 
gated  by  7  Li  NMR  spectroscopy,  corannulene  and  the 
sepiolite-derived  carbon  tubes.  Both  carbons  exhibit  com¬ 
plex  7  Li  spectral  features  that  are  substantially  different 
from  that  of  any  other  carbon.  In  addition,  the  sepiolite-de¬ 
rived  carbon  tubes  are  different  from  the  corannulene  in 
that  the  carbon  tubes  also  exhibit  the  20  ppm  signature  that 
is  commonly  observed  for  many  carbons.  In  contrast,  the 
corannulene  is  a  discreet  molecular  model  compound  and 
contains  no  discernable  feature  in  the  5-20  ppm  range. 

The  7  Li  NMR  spectrum  of  a  sepiolite-derived  carbon 
sample  that  was  cycled  5  times  and  left  in  the  delithiated 
stage  (OCV  =  1.211  V)  is  shown  in  trace  C  of  Fig.  4.  The 
spectrum  depicts  a  broad  asymmetric  resonance  centered 
near  0  ppm.  This  result  is  consistent  with  previously 
reported  spectral  signatures  for  irreversible  lithium  in  soft 
carbons  [42].  It  is  noteworthy  that  the  integrated  spectral 
intensity  over  a  400  ppm  range  for  sepiolite-derived  car¬ 
bon  was  substantially  smaller  than  that  observed  for 
graphite.  Thus,  the  vertical  scale  for  traces  B  and  C  are  40 
and  80  times  larger,  respectively,  than  for  trace  A.  How¬ 
ever,  as  noted  above  there  is  substantial  spectral  intensity 
distributed  across  a  larger  spectral  region  for  the  sepiolite- 
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derived  carbon  samples,  which  may  account  for  lithium 
with  a  signature  similar  to  that  observed  for  corannulene. 

There  was  no  indication  of  metallic  lithium  dendrites  in 
any  of  the  carbon  samples  as  evidenced  by  the  lack  of  a 
signal  near  260  ppm.  It  is  noted  that  if  the  NMR  coin  cell 
were  operated  in  a  true  in  situ  electrochemical  cell  config¬ 
uration,  then  there  would  be  a  strong  metallic  lithium 
signal  in  the  7  Li  NMR  spectra  due  to  the  presence  of  the 
lithium  foil  counter  electrode.  It  should  be  possible  to 
address  this  issue  by  isolating  the  working  electrode  from 
the  rest  of  the  electrochemical  cell  using  NMR  imaging 
methods  as  demonstrated  below,  where  it  is  shown  that  it 
is  possible  to  resolve  lithium  dendrites  that  form  on  a 
carbon  working  electrode  despite  the  presence  of  a  large 
metallic  lithium  counter  electrode.  The  experiment  was 
conducted  with  the  cylindrically  symmetric  cell  in  Fig.  2, 
where  the  radio  frequency  If  field  is  well  defined.  Addi¬ 
tional  calibration  work  is  required  before  this  type  of 
imaging  experiment  can  be  conducted  with  the  new  coin 
cell  geometry. 

3.3.  Lithium  dendrite  imaging 

The  application  of  the  rotating  frame  NMR  imaging 
method  for  in  situ  electrochemical  system  was  recently 
developed  utilizing  the  special  geometric  features  of  toroid 
cavity  resonators  [24,26].  The  method  provides  high-reso- 
lution  NMR  spectral  information  as  a  function  of  the 
distance  from  the  working  electrode.  The  achievable  dis¬ 
tance  resolution  is  on  the  micron  scale  near  the  working 


electrode.  The  toroid  cavity  resonator  produces  a  well-de¬ 
fined  gradient  in  the  radio  frequency  magnetic  field.  If, 
that  is  produced  by  the  NMR  transmitter  pulse.  Accord¬ 
ingly,  the  amount  of  energy  that  is  absorbed/transmitted 
by  the  sample  varies  with  its  location  within  the  NMR 
detector  because  the  efficiency  of  the  energy  transfer 
process  is  proportional  to  Bx.  A  major  advantage  of  the 
toroid  cavity  imaging  approach  to  magnetic  resonance 
imaging  (MRI)  is  that  the  chemical  shift  information  is  not 
destroyed  because  the  measurement  is  conducted  within  a 
homogeneous  static  magnet  field,  B0.  In  contrast,  the 
traditional  approach  to  MRI  proceeds  by  converting  the 
chemical  shift  information  to  a  measure  of  distance  with  a 
gradient  in  B0. 

The  results  in  Fig.  5  demonstrate  that  it  is  possible  to 
follow  the  growth  of  lithium  dendrites  on  the  surface  of 
the  carbon  electrode  by  7  Li  NMR  spectroscopy  despite  the 
fact  that  the  cell  contains  a  large  quantity  of  lithium  metal 
which  is  present  at  the  counter  electrode.  In  addition,  the 
dendritic  lithium  exhibits  a  different  Knight  shift  than  the 
bulk  lithium  of  the  counter  electrode.  Further  studies  are 
planed  to  better  understand  the  nature  of  these  shifts  and  to 
see  if  the  Knight  shift  is  sensitive  to  the  nucleation  and 
growth  of  the  lithium  dendrites.  This  type  of  imaging 
approach  for  the  new  coin  cell  geometry  is  also  under 
development.  With  appropriate  calibration,  it  should  be 
possible  to  look  at  the  working  electrode  using  the  coin 
cell  battery  images  even  in  the  presence  of  large  quantities 
of  Li+  ions  in  the  electrolyte  and  a  sizable  lithium  foil 
counter  electrode. 


Fig.  5.  7 Li  NMR  images  of  the  counter  electrode  and  the  lithium  dendrites  that  were  formed  on  a  hard  carbon  electrode  in  the  presence  of  a  lithium  counter 
electrode  before  (left)  and  after  (right)  passing  current  through  the  cell. 
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4.  Conclusions 

A  new  type  of  NMR  detector  that  is  well  suited  for 
analyzing  the  electrode  components  of  a  standard  2032-size 
coin  cell  has  been  developed.  This  NMR  device  exhibits 
remarkable  7  Li  sensitivity  even  for  lithiated  carbon  sam¬ 
ples  as  small  as  10  mg.  This  device  was  used  to  examine 
the  synthetic  carbon  fibers  that  are  produced  by  the  py¬ 
rolytic  formation  of  carbon  in  the  channels  of  sepiolite 
clay.  This  carbon  material  is  of  interest  because  of  its 
small  pore  size,  6.8  A,  and  high  reversible  lithium  interca¬ 
lation  capacity,  633  mA  h/g.  The  sepiolite-derived  carbon 
has  no  detectable  graphitic  character  as  measured  by  the 
absence  of  a  signal  at  47  ppm  in  the  7  Li  NMR  spectra.  The 
NMR  spectral  characteristics  and  the  reversible  lithium 
capacity  of  the  sepiolite-derived  carbon  are  similar  to  that 
for  lithiated  corannulene.  The  latter  species  is  a  well-char¬ 
acterized  discrete  organic  molecule  with  a  curved  aromatic 
ring  system.  Molecular  orbital  calculations  and  the  NMR 
results  are  consistent  with  the  formation  of  small  lithium 
clusters  within  the  bowl-shaped  cavities  afforded  by  the 
curved  aromatic  ring  systems. 
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